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Abstract 
The formation of adiabatic shear bands, which are narrow deformation bands with intense strains, in copper at high strain rates 
has long been questioned due to ductility of copper and its ability to exhibit uniform deformation at relatively large strains. 
However, in some instances when copper is tested in torsion at shear strain in excess of 103 s-1, it has been reported to develop 
adiabatic shear bands. This study examines the occurrence of adiabatic shear bands in torsion specimens of commercial pure 
copper (99.94 % Cu) as a function of the initial torque and angle of twist. Adiabatic shear bands (ASBs) were observed using 
scanning electron microscopy. It is concluded that a mesomechanical property such as adiabatic shear bands can be induced in 
ductile materials such as polycrystalline copper. The source of these bands is correlated to the extensive shear deformation before 
fracture. 
© 2009 Elsevier B.V. All rights reserved 
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1. Introduction 
Adiabatic shear bands (ASBs) are microstructural features that develop in metallic materials when deformed by 
impact at high strain rates in the order of 103 s-1 and higher. They are believed to be the result of the initial strain 
hardening which is compensated by the occurrence of thermal softening due to adiabatic conditions, where 
conductive heat transfer does not occur for the duration of the impact. The result of such occurrence is the formation 
of long and narrow bands whose dimension is in the meso- range and where strain is concentrated. While the 
presence of ASBs are commonly observed in many metals, alloys as well as composites and ceramics [1-5], their 
occurrence depends on many factors including velocity of impact, impact momentum, and microstructural effects 
such as presence of hard precipitates and inclusions. Feng and Bassim [6] have studied the occurrence of ASBs 
using finite element methods and found that they originate at flaws in the materials where properties are different. 
Their width depends on factors such as strain hardening coefficient and thermal conductivity. 
The prevalent mechanism for occurrence of ASBs is attributed by Zerilli and Armstrong [7,8] to dislocation pile-
up models, where the blocking of dislocation on a slip plane by obstacles leads to extensive strain causing the 
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formation of these bands. This model explains the mechanism of ASBs in many cases, but does not address the case 
of ductile FCC metals such as copper, which has an affinity for uniform deformation of cell structures occurring at 
large strains during static torsion and medium range of strain rates (10 - 103 s-1). 
1.1. Objectives 
The objective of this current research is to study the conditions of occurrence of adiabatic shear bands during 
torsional deformation of commercial pure copper (99.94 % Cu). The effect of initial torque and angle of twist on the 
formation of ASBs is examined. The ASBs are observed using scanning electron microscope. 
 
2. Experimental Procedure 
2.1. Material 
The material studied is polycrystalline copper of 99.94 % purity. The average grain size was determined to be 
700 µm. 
 
2.2. Torsional Split Hopkinson Bar 
Figure 1 shows a schematic layout of the torsional split Hopkinson bar used in this study. It consists of incidence 
and transmitter bars. The test specimens are thin-walled tubes with hexagonal flanges as shown in Fig. 2. The 
hexagonal flanges of the specimens are slotted into the matching sockets at the specimen ends of the two bars, 
providing the required gripping mechanism for the specimen during torsional loading.  Multi-axial strain gages 
(rosettes) are attached to the bars at equidistance from the specimen, and such that overlapping of incident and 
transmitted waves are avoided. The system employs stored-torque technique of loading, in which the loading torque 
is stored between the clamp and the loading arm using various angles of twist. The clamp is sufficiently tightened 
prior loading to prevent rotation of the incident bar as pure torsion load is applied by a hydraulic jack connected to a 
rotating wheel attached to the loading arm. On attaining the desired angle of twist, the clamp is further tightened 
until the load release pin breaks and the stored torque is released and generate elastic waves, which travel along the 
incident bar and deform the specimen. The strain gages installed on the incident bar captures the incidence and 
reflected waves, while that attached to the transmitter bar captures the waves that transmit through the specimen.  
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        Fig. 1. Torsional Split Hopkins Bar System                                    Fig. 2. Torsion test specimen 
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Twenty specimens were machined from a copper rod and subjected to torsional loading at different starting 
torques. The angle at which the loading arm was twisted to produce the staring torques, ranged between 6º and 9º. 
All tests were performed at room temperature. During testing, stress, strain and strain rate were calculated from the 
incident, transmitted and reflected pulses that were obtained from the strain gages, recorded as voltage vs. time. 
Equations for calculating strain rates, strain and stress from the incidence, reflected and transmitted waves are 
described in detail elsewhere [9]. Following testing, metallographic preparation took place. The specimens were 
sectioned, polished and etched. This was followed by examining the surface using scanning electron microscope. 
3. Results and Discussion 
3.1. Experimental Results 
The stress-strain curve for a sample deformed at 8º twist is shown in Fig. 3, while Fig. 4 shows selected stress- 
strain curves for all the angle of twist tested.  
 
 
Fig. 3. Stress-strain curve for a sample deformed at 8º twist angle. 
 
Fig.4. Stress-strain curves of four selected samples tested at different twist angles. 
The average strain rate of the samples deformed at twist angle of 6,7,8, and 9º were 636, 1007, 1036 and 1166 s-1 
respectively. The yield and maximum flow stress as well as the maximum strain before stress collapse and adiabatic 
shear banding also increases with strain rate. Depending on the applied twist angle, the average critical strain and 
time for strain localization lies between 0.3 and 0.58, and 163 and 178 µs respectively. Figure 5 shows a typical 
adiabatic shear band formed at an angle of twist of 7º while Fig. 6 shows a much narrower shear band from a 
specimen deformed with an initial angle of twist of 9º. In these figures, the reorientation of the grains inside the 
shear band and the direction of flow around the band are observed, as reported by Li et al. [10]. Multiple narrow 
shear bands were also observed in some of the specimens. Equiaxed grains were also observed in specimens. This 
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indicates the occurrence of significant temperature rise and recrystallization taking place within the adiabatic shear 
band. 
 
 
Fig. 5. SEM micrograph of a sample tested at 7º angle of twist ,  
strain rate of 886 s-1 and maximum strain of 0.52 showing  
reorientation of grains inside the shear band 
10 μm
 
         Fig. 6. SEM micrograph of a sample tested at 9º angle of twist ,   
         strain rate of 1250 s-1 and maximum strain of 0.8 showing  
         reorientation of grains inside the shear band 
 
3.2 Discussion 
The observed results show that there is an increase in the flow stress and strain with increase in the applied 
strain rate. This is attributed to a significant occurrence of strain hardening due to dislocation multiplication, leading 
to tangles and development of dislocation cells. The formation of ASBs is observed to start at a later stage in the 
stress-strain curve compared with other metals such as steels. It also implies that the mechanism of unblocking of 
dislocation pile-ups is not sufficient, by itself, to initiate adiabatic shear bands. Only significant strain within 
dislocation structures, and possible twins, is capable of creating concentrated deformation which leads to formation 
of adiabatic shear bands. This is in general agreement with the model of Wright et al. [11], which describe the 
evolution ASBs as a complex mechanism due to large plastic deformation in ductile materials. The resemblance of 
the experimental results and the published models of Li and Wright which predict ASBs as interaction of slip bands 
forming dislocation structures, act as a source for the formation of the observed ASBs in commercial pure 
polycrystalline copper. 
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